Here we sought to augment the regenerative capacity these neurons still survived 2 months after ischemia. Notably, ␤-tubulin type III ϩ (TuJ1 ϩ ) and Hu ϩ immature of endogenous progenitors upon focusing on the hippocampus. The adult hippocampus, a vital center for learnneurons, which are rarely detectable in normal adult animals, emerged after ischemia ( Figure 2B ). ing and memory, is extremely vulnerable to various insults such as ischemia. Although the hippocampus is The ischemia-induced loss and subsequent recovery of neurons were also detected in other regions of the known as an active neurogenic site, only one neuronal subtype, granule cells in the dentate gyrus (DG), are hippocampus (see Supplemental Figure S1 at http:// www.cell.com/cgi/content/full/110/4/429/DC1). The neucontinuously generated, and the production of new neurons in other hippocampal regions appears to be ronal loss caused by global ischemia is generally less severe in the ventrolateral part of the hippocampus than very limited in the adult (Rietze et al., 2000) . We show here that following ischemic brain injury, adult neural in the dorsomedial part ( 
violet-stained cells at DAI180-194, n ϭ 2 animals, 4 hemisections, we provide several lines of evidence supporting such an idea. spheres). We noticed slight enlargement of the ventricular lumen and deformity of the shape of the hippocampus in growth factor-treated animals (Figures 1D and Generation of New Neurons by Endogenous Progenitors 1E). However, significantly higher numbers of CA1 pyramidal neurons were detectable all along the anteroposTo examine whether neurons detected after ischemia were produced by endogenous progenitors, 5-bromoterior axis of the hippocampus in the treated animals than in the untreated animals. These results suggest 2Ј-deoxyuridine (BrdU), which selectively labels proliferative cells in vivo, was administered between DAI2 and that growth factors induce substantial regeneration of hippocampal neurons after ischemia. In the following DAI4. During DAI2-7, few BrdU ϩ cells coexpressed neu- ronal markers, indicating that the labeling method used percentage of NeuN ϩ neurons among these BrdU ϩ cells in the treated animals (53%, 412 NeuN ϩ cells in total here did not detect repair reactions of damaged DNA (data not shown). At DAI28, however, many BrdU ϩ cells 779 BrdU ϩ cells, n ϭ 3 animals) was much higher than that in the untreated animals (1%, 2/198). Thus, the were detected in the CA1, and some of them expressed the neuronal marker NeuN in both untreated ( Figure 3A) short-term growth factor treatment appeared to stimulate not only the proliferation of endogenous progeniand growth factor-treated ( Figure 3B) Figure 3BЈ ). In the above experiments, BrdU was administered for 2 ventricular infusion of Ara-C was started immediately after ischemia and continued for 7 days, while FGF-2 days (DAI2-4), and hence labeled only a fraction of dividing progenitors. Nevertheless, 46% (412/890) of NeuN ϩ and EGF was infused between DAI2 and DAI5. Ara-C administered to the intact animals under the same conneurons detected in the growth factor-treated animals were labeled with BrdU. Such double-labeled cells were dition could kill dividing cells around the lateral ventricle (H.N. and M.N., unpublished observation). As shown in also detectable in other hippocampal regions, and also outside the hippocampus including the temporal cortex Figure 2D , the Ara-C treatment significantly decreased the number of CA1 neurons (about 80% reduction) de-( Figures 3E and 3EЈ) .
The above analyses revealed marked effects of tected at DAI28 (21 Ϯ 10 NeuN ϩ and 23 Ϯ 5 cresyl violetstained cells, n ϭ 4 animals, p Ͻ 0.01). This result is growth factors on the production of new neurons. The number of BrdU ϩ cells detected in the CA1 was inconsistent with the idea that the massive increase in neuronal numbers by the growth factor treatment is atcreased about 1.7-fold by the treatment (111 Ϯ 38 and 66 Ϯ 11 cells in treated and untreated animals, respectributable to increased cell divisions of endogenous progenitors. tively, n ϭ 3 animals, 6 hemispheres). Furthermore, the than the timing when DiI-and GFP-labeled cells became detectable in this region ( Figures 4J and 4K , and data Interestingly, a few GFP ϩ cells were also found in the DG at DAI28 (Figure 5H, arrowhead) . They were aligned not shown). These cells may correspond to neural pro-physin suggested that newly generated neurons received synaptic inputs ( Figure 6D ). Electron microscopic examination revealed unambiguous synaptic structures (Figures 6G-6J) . Asymmetric synapses onto dendritic spines, the major excitatory synapses in the intact CA1, were detected in growth factor-treated animals ( Figure 6G ). However, this type of synapse was not predominant, and instead spine synapses with a thinner postsynaptic density (PSD) (Figure 6H ) and shaft synapses with a dense PSD ( Figure 6I) were the major types. Multiple presynaptic components surrounding a single dendrite were frequently observed in the regenerated CA1 ( Figure 6J ). These characteristics are reminiscent of immature pyramidal neurons (Zhang and Benson, 2000) and may reflect the rearrangement of both pre-and postsynapses during regeneration.
Activation of Endogenous Progenitors In Situ

I″). (J-L) GFP ϩ cells in the DG at DAI28 (H, arrowheads). They were negative for NeuN (J and JЈ), Hu (K and KЈ), and GFAP (L and LЈ) (red). Note the green and red signals in separate cells in (JЈ), (KЈ), and (LЈ). ML indicates molecular layer of the DG. Scale bars for (A)-(CЈ), (E), and (H) (shown in BЈ and
We further asked whether regenerated neurons reconstruct the intrahippocampal connection between the CA1 and subiculum. The fluorescent tracer FluoroGold (FG) was injected into the subiculum at DAI49 in growth factor-treated animals, and retrograde labeling of CA1 neurons was examined at DAI56. The FG labeling was detected in about 40% of NeuN ϩ cells in the CA1 pyramidal layer, 2 mm anterior to the injection site ( Figure 6F ; 83 FG ϩ cells in total 196 NeuN ϩ cells examined, n ϭ 2 animals, 3 hemispheres), and many of these cells were 
CA1 in sham-operated control (A), untreated (B), and growth factortreated (C) animals at DAI84. (A″)-(C″) are overlays of the images
Synaptic Response of Regenerated shown in (A)-(C) and (AЈ)-(CЈ). (D) shows triple-staining of a regener-
Hippocampal Neurons
ated CA1 neuron with BrdU (green), MAP2 (blue), and synaptophysin (red). 
Next we examined the electrophysiological properties (E and F) Retrograde labeling of BrdU ϩ (E) and NeuN
in unpaired t test), albeit smaller than those in the control animals (p Ͻ 0.01). These fEPSPs were blocked by the AMPA/kainate-type glutamate receptor antagogenitors resident within the hippocampal parenchyma. nist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (FigTaking these results together, progenitors present in ure 7C). both the periventricular region and parenchyma may
As described above, the density of MAP2 ϩ dendrites participate in regenerating new neurons after ischemia. and synapses restored in the growth factor-treated animals was lower than in the control. Thus, to compare the synaptic activities more directly, the relationship Regenerated Neurons Participate in the Brain Circuitry between the levels of presynaptic volley and fEPSP amplitude was examined, in which the former reflects the We next examined the degree of maturation and connectivity of regenerated CA1 neurons. In the oriens and strength of presynaptic inputs, whereas the latter indicates the postsynaptic response to a given level of preradiatum layers of the intact CA1, staining for microtubule-associated protein 2 (MAP2) detected abundant synaptic stimulation ( Figure 7E) . Consistent with the anatomical observations, the maximum level of the dendrites that contacted with multiple synapsin I ϩ presynaptic fibers (Figures 6A, 6AЈ, and 6A″) . Ischemic inpresynaptic fiber volley was lower in the growth factortreated animals (about 0.25 mV) than in the control anisults eliminated these dendrites almost completely, leaving presynaptic components largely undisturbed mals (about 0.35 mV). Under these conditions, however, the slope of the input-output curve in the growth factor-( Figures 6B, 6BЈ, and 6B″) . In contrast, dendritic structures were restored, albeit at a reduced density, in treated group (n ϭ 29, r ϭ 0.526) was not statistically different from that in the control group (n ϭ 28, r ϭ growth factor-treated animals at DAI84 (Figures 6C, 6CЈ,  and 6C″ ). Triple staining with BrdU, MAP2, and synapto-0.777; p ϭ 0.1074 in comparison of two correlation coef- ficients), although the former appeared to be slightly next sought to correlate the regeneration of new neurons and recovery of brain functions. Here we used the Morris lower than the latter ( Figure 7E) . Thus, the basic properwater-maze task to examine hippocampus-involved ties of synaptic transmission were well restored in relearning and memory (Riedel et al., 1999) . In this spatial generated neurons. learning task, rats learn to navigate to a platform subIn slices that showed typical postsynaptic responses, merged in a water pool by using extra-maze cues. To we further examined changes in fEPSP slopes following examine the role of newborn neurons, the same animal tetanic stimulation ( Figure 7F ). Clear potentiation, which groups were tested at two distinct periods, i.e., before is known as the long-term potentiation (LTP) (Malenka and after neurogenesis. and Nicoll, 1993), was observed in the sham-operated
The first block trials were performed during DAI7-11, control animals (67% Ϯ 23% increase in normalized at the period appropriate to detect impairment of brain fEPSP slopes between 56-60 min after tetanus, n ϭ 4 functions caused by ischemia. When sham-operated slices/4 animals). Importantly, significant potentiation control animals were trained twice a day for 5 consecucould also be detected in the growth factor-treated anitive days (sessions 1-10), they memorized the position mals. This effect was long-lasting, and the average of of the hidden platform, thereby reaching it in a shorter normalized fEPSP slopes was 58% Ϯ 26% higher over latency during the training (n ϭ 7 animals for Figure 8A the baseline 60 min after stimulation (n ϭ 4 slices/3 and n ϭ 6 for Figure 8B ). In contrast, both untreated animals). However, the synaptic potentiation once de-(n ϭ 11 for Figure 8A and n ϭ 8 for Figure 8B ) and growth cayed to the baseline within 5 min, and thereafter gradufactor-treated (n ϭ 9 for Figure 8A and n ϭ 7 for Figure ally recovered to the extent comparable to that in the 8B) ischemic animals showed deficiencies during the control slices at the time point of 40-60 min. Thus, the initial 3 days (DAI7-9) (comparison by repeated ANOVA, response appeared to lack a short-term component of F[2,5] ϭ 11.540 in Figure 8A and 13.946 in Figure 8B ). the typical LTP. Nevertheless, these results clearly demPost hoc analyses confirmed significantly longer escape onstrated that functional glutamatergic synapses are latencies between sessions 1 and 6 in both animal restored in the regenerated hippocampus. groups than in the control (p Ͻ 0.01 in both Figures 8A  and 8B ). This initial impairment was not likely to be Recovery of Brain Functions by Growth Factors attributable to a defect in their swimming ability; the The preceding results demonstrated that endogenous swimming velocities measured during the tasks were progenitors are capable of regenerating functional hipnot significantly different among three animal groups pocampal neurons. We also detected the generation of (F[2,9] ϭ 0.888 and p ϭ 0.431 in Figure 8A , and F[2,9] ϭ new neurons in other regions, including the cerebral 2.183 and p ϭ 0.159 in Figure 8B ). The spontaneous cortex and striatum. Thus, many types of neurons in the locomotor activities measured in an open field were also forebrain were probably lost following ischemia, and indistinguishable among the groups ( Figure 8C ). These at least a part of them could be replaced by newborn ischemic animals, however, were finally trained during the last 2 days (sessions 7-10). Thus, ischemic animals neurons. Taking these observations into account, we Figure 8B ) or spontaneous locomotor activities ( Figure 8C ) among these animal groups. memory including both spatial memory and the search strategy. Importantly, FGF-2 and EGF showed no signifiIn summary, ischemic animals showed severe deficiencies in spatial cognitive performance during both cant effect during this assay period, which is consistent with our histological observations. early (DAI7-11) and late (DAI49-53) periods after a transient ischemic episode. Postischemic administration of To evaluate the contribution of regenerated neurons, the same animal groups were subjected to the second growth factors significantly ameliorated such deficiencies at the late but not early assay period, which could block trials between DAI49 and DAI53 (sessions 11-20). In the first paradigm, the platform was placed at the be correlated to its remote action to augment regeneration of new neurons. same position as in the first block trials ( Figure 8A ). The control animals (n ϭ 7) retained the memory of spatial cues and the search strategy, and thus could reach it Discussion as fast as they did at the end of the first block. In contrast, the untreated ischemic animals (n ϭ 11) exhibited
Here we have demonstrated a remarkable regenerative capacity of endogenous neural progenitors in the adult severe impairment in this task. The growth factor treatment (n ϭ 9) remarkably improved this long-term membrain. Separate subgroups of trained animals were tested factors can recruit endogenous progenitors in situ, thereby inducing massive regeneration of pyramidal in a different paradigm, in which the platform was placed at a new position ( Figure 8B ). In this case, rats had to neurons after ischemia. We discuss the implication of our findings with reference to the regenerative capacity learn this new position, but could still utilize their memory of the search strategy. Under these conditions, the of the adult CNS and its potential therapeutic applications for ischemic injury and other neurological disuntreated ischemic animals (n ϭ 8) again showed a severe deficiency compared to the control (n ϭ 6). Aleases. though they were gradually trained and showed better performance, their escape latencies were still much (Colbourne et al., 1999a , and these cases, however, the observed neurogenesis is largely restricted to the regions where production of references therein). We instead took advantage of these observations to distinguish between regeneration and new neurons normally occurs at a high frequency. Thus, a certain combination of exogenous factors and endogneuroprotection. When administered to ischemic animals at DAI2 and thereafter, FGF-2 and EGF did not enous stimulatory signals may be necessary for inducing substantial regeneration of neurons at lesions with norprotect CA1 pyramidal neurons against cell death, yet they could selectively stimulate endogenous progenimally slow turnover rates. Furthermore, some inhibitory signals have also been implicated in tightly restricting tors. Furthermore, our preliminary study has suggested that a long-term treatment with growth factors rather neurogenesis in vivo (Yamamoto et al., 2001b) . Thus, multiple stimulatory and inhibitory signals are probably delays and/or inhibits differentiation of progenitors in situ. Thus, our growth factor-infusion paradigm was deinvolved in controlling the rate of neurogenesis, depending on the location and type of lesions. Elucidation fined so as to induce substantial regeneration of new neurons after ischemia. In order to apply similar strateof the molecular nature and mechanisms of the actions of these signals will be essential for further understandgies to other disease models, we may have to consider many parameters, such as the time window and site of ing of the regenerative capacity of the adult CNS. injection of growth factors and their doses, depending on their pathophysiology.
Integration of Regenerated Neurons into the Neural Circuitry Integration of regenerated neurons into the existing neu-
Control of Neurogenesis in the Adult Brain
It is noteworthy here that hippocampal CA1 pyramidal ral circuitry is a prerequisite for restoration of brain functions. We showed here that CA1 neurons regenerated neurons, which have not been thought to be continuously replaced in the normal adult brain, can be regenerafter ischemia survived for a long period of time (at least 6 months), received synaptic inputs, and participated ated following ischemia. Although adult neurogenesis has begun to be widely recognized during the last dein reconstruction of the intrahippocampal connection. 
